The genome of the lizard Anolis carolinensis (the green anole) is the first nonavian reptilian genome sequenced. It offers a unique opportunity to comparatively examine the evolution of amniote genomes. We analyzed the abundance and diversity of non-LTR (long terminal repeat) retrotransposons in the anole using the Genome Parsing Suite. We found that the anole genome contains an extraordinary diversity of elements. We identified 46 families of elements representing five clades (L1, L2, CR1, RTE, and R4). Within most families, elements are very similar to each other suggesting that they have been inserted recently. The rarity of old elements suggests a high rate of turnover, the insertion of new elements being offset by the loss of element-containing loci. Consequently, non-LTR retrotransposons accumulate in the anole at a low rate and are found in low copy number. This pattern of diversity shows some striking similarity with the genome of teleostean fish but contrasts greatly with the low diversity and high copy number of mammalian L1 elements, suggesting a fundamental difference in the way mammals and nonmammalian vertebrates interact with their genomic parasites. The scarcity of divergent elements in anoles suggests that insertions have a deleterious effect and are eliminated by natural selection. We propose that the low abundance of non-LTR retrotransposons in the anole is related directly or indirectly to a higher rate of ectopic recombination in the anole relative to mammals.
Introduction
Non-LTR (long terminal repeat) retrotransposons, also known as retroposons (International Committee on Taxonomy of Viruses; Hull 2001) , are autonomously replicating retroid agents that lack long LTRs. They have considerably affected the size, structure, and function of vertebrate genomes. This is exemplified by the fact that at least 30% of the genome of mammals is the result of their activity (Lander et al. 2001; Waterston et al. 2002) . Although non-LTR retrotransposons were considered to be among the ''junk DNA'' class of repetitive elements, research has shown that they have been an extraordinary source of evolutionary novelties. Exaptation of these elements seems to have been relatively common during vertebrate evolution, either as part of coding sequences (i.e., exonization) or as regulatory elements (Makalowski 2000; Nekrutenko and Li 2001; Mikkelsen et al. 2007 ). In addition, the retrotransposition machinery encoded by non-LTR retrotransposons can act on other transcripts and is responsible for the amplification of SINEs (Short INterspersed Elements) and retroprocessed pseudogenes (Dewannieux et al. 2003; Dewannieux and Heidmann 2005) . Some SINEs have also been co-opted as regulatory sequences and have played a major role in the early evolution of tetrapods (Bejerano et al. 2006) .
Non-LTR retrotransposons constitute a diverse group of elements that are classified into 12 monophyletic clades ( fig. 1) Volff et al. 2000) . These 12 clades diverged from each other more than 600 Ma and are found in most eukaryotes, including plants, animals, and fungi. Non-LTR retrotransposons encode for the proteins responsible for their own replication. They have a 5# untranslated region (UTR) that acts as an internal promoter and one or two open-reading frames (ORF), depending upon the clade. All non-LTR retrotransposons have a reverse transcriptase (RT) domain and 9 of the 12 clades encode for an apurinic/pyrimidinic endonuclease (Martin et al. 1995; Feng et al. 1996; Malik et al. 1999) . The mechanism of insertion has not been resolved in all clades, but it is believed that non-LTR retrotransposons use a nick (generated by their own endonuclease) on the host chromosome to prime reverse transcription of the RNA transcript directly into the target site (Luan et al. 1993; Luan and Eickbush 1995; Cost et al. 2002) . The majority of new elements produced by this mechanism are truncated at their 5# end and incapable of further retrotransposition (''dead-on-arrival''). Elements belonging to different clades can be further subdivided into families based on shared differences between elements (Furano 2000) . As the vast majority of elements do not serve a function for the host, they accumulate mutations at the neutral rate, so that old families of elements are more divergent than younger ones (Voliva et al. 1983; Pascale et al. 1993) .
The analysis of complete genome sequences has revealed some striking differences in the abundance and diversity of non-LTR retrotransposons (Lander et al. 2001; Waterston et al. 2002; Volff et al. 2003; Duvernell et al. 2004; Furano et al. 2004; Gentles et al. 2007; Warren et al. 2008) . In placental mammals, a single clade, LINE-1 (Long Interspersed Nuclear Element, L1), has remained active since the split between eutherians and marsupials. L1 has been very successful in eutherians, reaching extremely high copy numbers (e.g., 500,000 copies in the human genome) (Lander et al. 2001; McClure et al. 2005 ). Most of these elements are ancient and are the product of past amplifications. Phylogenetic analyses have shown that most modern mammalian genomes contain a single dominant lineage of L1 families, suggesting that the evolution of L1 in mammals is controlled in ways that prevent further diversification (Furano 2000; Furano et al. 2004 ). The reason why L1 evolves as a single lineage is unknown, but competition between elements for host-encoded transcription factors could explain the unusual evolution of L1 families (Khan et al. 2006) .
In contrast, the genome of teleostean fish contains several active clades, each represented by divergent families (Volff et al. 2000; Duvernell et al. 2004; Furano et al. 2004; Neafsey et al. 2004; Basta et al. 2007 ). For instance, 32 divergent L1 families coexist in zebrafish, each represented by small numbers (,50) of very similar elements Furano et al. 2004 ). The differences in diversity and copy number between fish and mammals could result from a number of factors, including differences in the control of retrotransposition by the host, competitive interactions between families of elements, variations in the intensity of selection against new inserts, and the history of populations. The respective importance of these different factors is unclear and remains a matter of debate (Eickbush and Furano 2002; Furano et al. 2004; Neafsey et al. 2004; Kordis et al. 2006; Song and Boissinot 2007) .
The reduction in retrotransposon diversity and the explosion in copy number of the L1 clade in mammals represent one of the major transitions in the evolution of vertebrate genomes. Until recently, it was difficult to study this important question because of a lack of genomic data in amphibians and reptiles. The recent completion of the lizard (Anolis carolinensis) and frog (Xenopus tropicalis) genomes bridges a gap between fish and mammals and will provide new insights into the evolution of tetrapod genomes. Anolis carolinensis, the green anole, is a small lizard (Squamata: Iguanidae) found in the southeast United States that has become an important model organism in evolutionary and behavioral studies. We found that the anole genome contains at least five active clades of non-LTR retrotransposons that vary considerably in replicative success and diversity. Within most families, elements are very similar to each other suggesting that they have been recently inserted. The lack of elements of intermediate or old age relative to young elements indicates that retrotransposons accumulate in the anole genome at a low rate, possibly because the deleterious impact of retrotransposons is stronger in anoles than it is in mammals.
Materials and Methods

Sequence Acquisition
The results reported here are from the Genome Parsing Suite (GPS) software (McClure et al. 2005 ) used for identification and classification of A. carolinensis retroid content. Of all the retroid components, the RT is the best conserved through evolutionary time (McClure et al. 1988 ) and is essential for autonomous transposition. The GPS analysis is therefore centered on the RT, identifying it first and then expanding to other components. The approach of the GPS is radically different from Repeat Masker, which is used to mask out and count repetitive agents using consensus DNA sequences (Smit et al. 2004) . Repeat Masker and similar methods suffer from the loss of signal due to mutational saturation because DNA is used to query a genome rather than amino acid sequences. DNA sequence libraries are also often unable to detect new components.
The A. carolinensis genome v. 1.0 was downloaded from the University of Santa Cruz Genome Bioinformatics Web site (Karolchik et al. 2003) . The A. carolinensis genome has 1.7 Gb of its expected 2.2 Gb sequenced (about 77%); therefore, any numbers presented in this study are pending further genome refinement. The GPS was populated with 130 Retroid agent queries in this scan of the A. carolinensis genome. Although only the non-LTR retrotransposons found in full length (FL) in the A. carolinensis genome are analyzed in depth in this study, queries representative of other Retroid families were included to ensure correct classification of all Retroid agents. The queries include sequences that are specific to humans, birds, Anolis, Xenopus, and fish, in addition to a set of 30 queries that represent the major families of all Retroid agents. As little has been classified in the Anolis genome, novel Anolis queries were selected from the GPS results using the following criteria: completeness (presence of the most components), containing the least number of stop codons and frameshifts, containing all the motifs of the enzymatic core proteins, and phylogenetically representing their family. Phylogenetic trees were constructed using all the FL copies of each family to ensure that outliers were not selected as queries.
The GPS method is divided into two stages: stage I GPS deals solely with the RT, whereas stage II GPS classifies FL agents. In Stage I GPS, Washington University Basic Local Alignment Search Tool translated nucleotides (WU-TBlastN) version 2.0 (Gish 1996 (Gish -2004 ) was used to query the A. carolinensis genome with the following parameters: E 5 1, -matrix pam70, Q 5 9, R 5 1, V 5 1e7, B 5 1e7, gapL 5 0.307, gapK 5 0.13, gapH 5 0.7, X 5 15, gapX 5 33, gapW 5 44, gapS2 5 63, S2 5 41, hspmax 5 0, and -span. After WU-TBlastN scans, the A. carolinensis genome with the Retroid RT queries, Stage I GPS sorts and filters raw WU-TBlastN hits, which are redundant and contain false positives, due to: 1) alternative alignments for a given query to a specific region, 2) cross coverage of the queries, and 3) counting as unique, a number of small hits that are actually from the same gene. After sorting by query, chromosome, polarity, and reading frame, the GPS compounds small hits and removes false positives due to cross coverage on these compounded hits. The GPS removes redundancy by deleting hits that are completely covered by a longer hit to the same position, thereby preventing overestimation of the amount of potential RT genes. Single contiguous sequences, single compound hits composed of subsequences, and sets of ambiguous hits to the same position and reading direction are all considered unique RT hits. Ambiguous cases are often resolved in Stage II of the GPS. Unique hits are then assessed for quality first by degree of Ordered Series of Motifs conservation (McClure 1991), which is made up of six highly conserved motifs that fold to form the active site of the enzyme (Kohlstaedt et al. 1992) , and then by presence of frameshifts and stop codons. FL RT hits with neither frameshifts nor stop codons are labeled ''perfect.'' In Stage II, GPS, each RT found by Stage I, has its position in the host's genome extended 7 kb upstream and downstream, creating a 14 kb (plus the size of the RT) cutout. Using this RT-outward approach, the GPS is able to construct potential Retroid agent genomes. WU-TBlastN is used a second time to compare each 14kbþ cutout with the RT hit's corresponding component library. If an RT hit is ambiguous between multiple queries, then each of these queries' component libraries are searched, and the query with the highest score over all components is called as the closest to the new Retroid agent. If the sequence has ''all'' the gene components in the query's genomic order it is considered FL. All genomes with one frameshift or stop codon, as well as those that are error free (perfect), are considered to be potentially active, because Retroid agents are known to overcome such mutational errors by translational recoding (http://recode.genetics.utah.edu/) thereby producing functional proteins. Note that some queries themselves may contain frameshifts and stop codons. For a more in-depth discussion of the GPS, see McClure et al. (2005) and Basta et al. (2007) . When GPS finds a sequence that has identity to known non-LTR retrotransposon components, but no UTRs, and these regions do not pull out any known UTRs when Blast searches are executed (Altschul et al. 1990 ), a test for novel UTRs is performed. When multiple copies of the sequence are available, 1-kb 5# is aligned to other 5# regions from additional copies, and 3# regions are aligned to other 3# regions, and conserved regions are considered UTRs.
Characterization of Retrotransposon Families
Extracted sequences were aligned using ClustalW in the program BioEdit (Hall 1999 ) and subsequently categorized into families and subfamilies based upon sequence similarity. Branching patterns of phylogenies created by Neighbor Joining (NJ) under the Kimura 2-paramaters' distances in the program MEGA 4.0 (Tamura et al. 2007 ) was used in tandem to make sure a family had not been overlooked. A sequence from each family was then submitted to Repeat masker (www.repeatmasker.org) to verify proper clade classification. In order to determine the ancestral progenitor, FL consensus sequences were constructed for each family. Consensus sequences have been deposited in Repbase (http://www.girinst.org/repbase). Each consensus sequence was then used in a BLAT search and the resultant output sequences were collected for further analysis. FL copy numbers were determined from the original GPS output. Copy number of truncated elements that contained less than 200 copies was retrieved from the aforementioned BLAT output, whereas estimates for larger families were calculated using the electronic polymerase chain reaction option as well as from the original GPS output. FL consensus sequences from each family were compared with each other using dotmatcher (Rice et al. 2000) . Additionally, each consensus sequence was analyzed for their individual GC content using the sequence analysis option in DAMBE (Xia and Xie 2001) . The genomic environment for at least 20 sequences in each family was also characterized. Of 5# and 3# flanks, 50 kB was collected from the genome browser and analyzed for their GC content using DAMBE. In order to determine the relative time of amplification of each family, at least 500 bp of the RT domain of at least 20 elements were aligned and analyzed by MEGA 4.0, and both pairwise divergence and average from the consensus were calculated using Kimura's 2-parameter's distance.
Evolutionary Relationships
Consensus sequences for each family were submitted to NCBI's ORF Finder and Conserved Domains (Marchler-Bauer et al. 2007 ) to find the location and frame in which the ORFs were located. ORFs were extracted and aligned in nucleic acid and amino acid and the size of each was recorded. Previously published RT domains of each clade were recovered and aligned using ClustalW along with the aforementioned novel proteins. Sequence numbers correspond to those in figure 1 and can be found under the accession numbers: 1-AF086712; 2-L25662; 3-X99080; 4-AF018033; 5-M93690; 6-X51968; 7-D38414; 8-AF012049; 9-X06950; 10-M22874; 11-M14954; 12-M28878; 13-X60372; 14-U66331; 15-U88211; 16-AB005891; 17-U73800; 18-X60177; 19-U87543; 20-Z25525; 21-AF025462; 22-U58755; 23-M26915; 24-AF081114; 25-U93574; 26-X51967; 27-U13035; 28-M16558; 29-U29445; 30-M33009; 31-M62862; and 32-X17078. These sequences were then analyzed phylogenetically using the NJ and maximum likelihood tree using MEGA 4.0 and PHYML online (Guindon et al. 2005) , respectively.
Results
The GPS identified a total of 1,888 FL elements in the anole. Further Blast and BLAT searches of the anole genome using the sequences collected by GPS as probes failed to detect any other FL elements, although we recovered a number of truncated (TR) elements (supplementary fig.  1 , Supplementary Material online). Representatives from five of the twelve clades of non-LTR retrotransposons were detected: L1, L2, CR1, RTE, and R4 ( fig. 1 ). These clades differ greatly in copy number and diversity.
Of the five clades that inhabit the genome of A. carolinensis, L1 is the least numerous, with 170 FL and 626 TR elements, yet it is the most diverse. A phylogenetic analysis based on the two ORFs ( fig. 2 ) reveals the presence of 20 distinct L1 families, represented by very low copy number (7-144 elements; table 1). A group of elements (L1-like in fig. 1 ) structurally similar to L1 did not branch with other L1 families, but instead clustered with the RTE clade (with very low bootstrap support). As the structure of these elements suggests an evolutionary affinity to L1, they were provisionally classified as L1like. L1 families are very divergent from each other and their separation predates the split between reptiles and mammals ( fig. 1 ). Within each family, FL elements appear very closely related to each other (fig. 2) . The phylogenetic tree also shows a near complete absence of internal branches indicating a lack of old L1 inserts in the anole. In addition, repeated Blast and BLAT searches of the anole genome using the 3# UTR as a probe failed to detect any divergent TR L1 elements. The recent origin of most L1 inserts is confirmed by the very low level of divergence within families (,1% divergence from their consensus; fig. 3A and table 1) for both TR and FL elements. The fact that 50% of FL elements have both ORFs intact (table 2) is also consistent with the young age of these elements. Therefore, it seems that the vast majority of L1 elements inserted very recently in the anole genome. The near absence of old L1 inserts indicates that the vast majority of L1 elements do not reach fixation in the anole genome, although L1 elements are still active and are probably ancient residents of this genome.
The L2 clade is also very diverse and is represented by 17 monophyletic families ( fig. 4) , ranging in copy number from 71 to 529. L2 families are divergent from each other although not as much as L1 families, the deepest node in the L2 clade corresponding to approximately one-fifth of the deepest divergence in the L1 clade ( fig. 1) . The majority of L2 families show evidence of recent activity and are represented by young elements. For instance, the L2AC1 family contains only elements that diverge from each other by 0.41% on average, suggesting that this family might still be active ( fig. 3B ). We did not detect any L2AC1 element diverging from the family consensus by more than 1%, suggesting that, like L1 elements, L2AC1 elements are not accumulating (i.e., reaching fixation) in the anole genome. In fact, of 17 L2 families, 15 families have an average divergence from consensus lower than 1%. This is consistent with the fact that 44.6% of all FL L2 elements have an intact ORF2 (table 2). Only two families have an average divergence higher than 2% (L2AC16 and L2AC17). Family L2AC16 has an average divergence of 4.74% and the lowest divergence between two L2AC16 elements is 2.76% (table 1). This indicates that this family has not been recently active and contains elements that are likely to be fixed. Interestingly, the two L2 families that show evidence of accumulation are also the least numerous ones in our collection. The dynamics of amplification of these L2 families is reflected in the distribution of pairwise divergence between elements ( fig. 3B ): At some point in time, these families began accumulating in small numbers in the anole genome and their accumulation coincided or was soon followed by their decline and likely extinction. It is interesting to note that the only two L2 families that show evidence of accumulation are also the only ones that seem to be no longer active. However, these two families are exceptions and the vast majority of L2 elements are very young. The CR1 and R4 clades show very little family structure compared with L1 and L2, yet they are found in high copy number, reaching ;1,600 and ;3,000 copies, respectively. Only four CR1 families are supported by the phylogenetic analyses (fig. 5A ). The R4 clade shows a little more diversity than CR1 but more than half of all R4 elements belong to two major families (R4AC1 and R4AC2 in fig. 5B ). CR1 and R4 families are not as divergent as L1 and L2 families. For instance, the deepest node on the CR1 tree corresponds to 4.3% divergence. Most CR1 and R4 inserts are recent as suggested by the low divergence between elements within each family (,1% from consensus) and by the high proportion of FL elements with intact ORF (table 2) . The CR1 copy number reported here contrasts with previous estimates of ;300,000 CR1derived sequences in the anole genome (Shedlock et al. 2007 ). Indeed, a screening of the anole genome using GPS revealed a large number of small DNA segments derived principally from CR1 sequences (''total RT hits'' in table 2). However, most of these elements are highly fractioned and degenerate suggesting they are very ancient.
The RTE clade contains two very divergent lineages (RTE Bov-B AC and RTE-1 AC) that separated before the origin of vertebrates (Zupunski et al. 2001) . The Bov-B family is one of the most successful non-LTR retrotransposons in the anole, with 3,325 copies, whereas the RTE-1 family is just under 250 copies. The phylogeny of Bov-B and RTE-1 elements did not reveal any clear subsets (data not shown) like we observed for other clades, suggesting that a small number of closely related progenitors are responsible for the amplification of RTE elements. RTE-1 elements are extremely similar to each other, with an average divergence of 0.21%, suggestive of their young age. In contrast, the average divergence of the Bov-B family is 3.9%. The pairwise divergence distribution of the Bov-B family ( fig. 3D ) shows that this family has not produced recent insertions and is probably no longer active, although 21% of FL Bov-B elements have an intact ORF. The large divergence of this family suggests that the vast majority of Bov-B inserts is likely to be fixed. The pairwise divergence distribution of Bov-B ( fig. 3D) is similar to the one of L2AC16 and L2AC17 and provides another example of an extinct family that accumulated in the anole genome.
Because the Bov-B family is relatively ancient and numerous, it offers the opportunity to examine the decay of elements in the anole. Using the first 150 bp of a Bov-B element as a probe, we performed a BLAT search of the genome. Each hit was retrieved together with 7 kb of downstream DNA and aligned to the anole Bov-B consensus sequence. As elements with an intact 5# end are presumed to be FL, we should be able to find a 3# UTR about 3 kb downstream of each 5# terminus. In fact, we did not find a 3# end downstream of most 5# sequences, as only 28% of elements extended all the way from the 5# UTR to the 3# end ( fig. 6) . The same analysis performed on the much younger RTE-1 family revealed that 65% of 5# terminal sequences extend all the way to the 3# end. For comparison, we performed the same analysis in human using the 5# end of a L1PA6 and of a L1PA11 element. The average divergence of the LPA6 family is the same as Bov-B AC (;4%), whereas L1PA11 family is much older and is about 16% divergent (Khan et al. 2006 ). Here we found the 3# end corresponding to the 5# end for 86% and 78% of L1PA6 and L1PA11 elements, respectively, although L1 elements are about twice as long as RTE elements. This indicates that elements decay much faster in anoles than in humans. FL elements that do not extend to their 3# extremity not only contain small deletions, but they also completely miss their 3# end. This suggests that the decay of FL elements is probably due to large deletions, possibly mediated by ectopic recombination between elements, instead of DNA loss by small deletions. The rapid decay of elements explains, in part, why we identified very few old (i.e., elements that diverge by more than 5% from their consensus) FL elements. All the elements we collected are typical members of their clade. However, comparisons of consensus sequences revealed a striking difference between FL elements in the L1 and L2 clades. Although the coding region of these families is quite conserved within each clade and among families within clades, the 5# UTR is not. In fact, we identified 15 and 16 different 5# UTRs in the L1 and L2 clades, respectively, that account for differences in the length of consensus elements in table 1. Although the first 20-40 bps are shared across L1 families, these 5# UTR sequences show very little homology to each other. For instance, figure 7 shows a dot plot comparison of two L1 and L2 consensus sequences. These consensus sequences differ by less than 10% outside the 5# UTR and can be easily aligned, yet these sequences have completely different, that is nonhomologous, 5# UTRs. Interestingly, the family diversity of each clade correlates nicely with the diversity in 5# UTR sequences, each major L1 and L2 lineages have a different 5# UTR (figs. 2 and 4). In contrast, clades with low family diversity, like RTE, CR1, and R4, do not show any diversity at their 5# end. This correlation suggests that the ability to recruit novel promoter sequences in L1 and L2 drives the evolution of simultaneously active families and might be responsible for the diversity of these clades.
Discussion
The anole genome is the first nonavian reptilian genome whose complete sequence is available. It bridges a large phylogenetic gap and provides a unique opportunity to comparatively investigate the evolution of amniote genomes. We found that the anole genome contains an extraordinary diversity of non-LTR retrotransposons. Five clades show signs of very recent activity and two of these clades, L1 and L2, contain numerous families, some of which have been simultaneously active since the separation between mammals and reptiles (315 Ma). We identified at least 46 recently active families of non-LTR retrotransposons in the anole and we estimate the number of potentially active elements (i.e., FL elements with both ORF intact) to be about ;500 copies. This situation is reminiscent of the diversity of non-LTR retrotransposons in teleostean fish. Fish genomes usually contain several active clades of non-LTR retrotransposons, sometimes represented by a large diversity of families (Volff et al. 2003; Furano et al. 2004; Neafsey et al. 2004; Basta et al. 2007) . For instance, the pufferfish (Tetraodon nigroviridis) and the zebrafish (Danio rerio) genomes contain six and seven active clades of non-LTR retrotransposons, respectively (Volff et al. 2003; Basta et al. 2007) . In zebrafish, the L1 clade is represented by 32 active families that diverged before the origin of vertebrates (Furano et al. 2004 ). This situation contrasts greatly with mammalian ge-nomes that are dominated by a single clade, L1 in eutherians and marsupials (Furano et al. 2004; Gentles et al. 2007) , and L2 in monotremes (Gilbert and Labuda 2000; Warren et al. 2008) . L1 usually evolves in mammals as a single lineage, so that only a unique family of closely related elements is active at a given time (Furano 2000; Furano et al. 2004) . For instance, a single family, called Ta, is currently active in human (Skowronski et al. 1988 ). This family contains only two subsets of active elements, Ta-0 and Ta-1, which are considerably less divergent (,1%) from each other than anole's L1 families are (Boissinot et al. 2000) .
The much greater diversity of non-LTR retrotransposons in the anole and in teleostean fish does not translate into larger genome sizes. In fact, mammalian genomes are significantly larger than those genomes. The human and mouse genomes are 3.2 and 2.8 Gb, respectively; in comparison, the Anolis genome is only 2.2 Gb, whereas teleostean genomes vary between 0.4 Gb (in T. nigroviridis) and 1.7 Gb (in D. rerio) (Volff et al. 2003) . The larger size of mammalian genomes relative to other vertebrates is directly related to the abundance of L1 elements in mammals. It was estimated that the human genome contains ;500,000 copies of L1 elements that account for ;17% of our DNA (Lander et al. 2001) . In contrast, we identified only ;16,000 non-LTR retrotransposons (FL and TR), accounting for ;1.3% of the anole genome. In addition to the recent elements we characterized, the anole genome contains a large number of small DNA fragments, between ;160,000 (based on the number of RT hits; table 2) and 300,000 (Shedlock et al. 2007 ) that are principally the product of ancient CR1 activity. These ancient elements are more numerous in anole than in chicken (;200,000; Shedlock et al. 2007 ) and in zebrafish (;102,000; Basta et al. 2007) . When these old degenerate elements are taken into account, the total fraction of the anole genome derived from non-LTR retrotransposons is still largely inferior (;10%) to that of mammals. Therefore, the accumulation of non-LTR retrotransposons found in mammals is truly specific of this class of vertebrates and suggests a major difference between mammalian and nonmammalian vertebrates in the way host genomes interact with their parasitic non-LTR retrotransposons.
The scarcity of divergent elements and the abundance of very young inserts indicate that the vast majority of non-LTR retrotransposons do not reach fixation in the anole genome. This suggests a rapid turnover of elements, in which the insertion of new elements is offset by the loss of element-containing loci. This mode of evolution is similar to the turnover of elements in Drosophila, where selection against element-containing loci limits copy number (Charlesworth and Langley 1989; Eickbush and Furano 2002) . Similarly, the turnover of elements in the anole suggests that selection against retrotransposon inserts must be strong enough to prevent their accumulation. L1 inserts, in particular long ones, are also negatively selected in mammals (Boissinot et al. 2001 Song and Boissinot 2007 ), yet they do accumulate in mammalian genomes. Therefore, the cost that non-LTR elements impose on the fitness of their host is likely to be higher in the anole than it is in mammals. The deleterious effect of retrotransposons can result from their ability to mediate ectopic recombination (Langley et al. 1988 ), effects on gene activity (Charlesworth and Charlesworth 1983 ), or the retrotransposition mechanism per se (Boissinot et al. 2001) . Because the five clades are all characterized by a high rate of turnover, non-LTR retrotransposons must have a common deleterious effect that is independent of their clade and that affect equally FL and truncated elements.
A deleterious effect due to the retrotransposition process is unlikely because selection should prevent the fixation of retrotransposition-competent FL elements but not of TR elements because they are incapable of further retrotransposition. Gene inactivation is also an unlikely mechanism because the anole genome is sufficiently large and contains regions with low gene density where non-LTR retrotransposons could accumulate. Chromosomal rearrangements and large DNA deletions caused by ectopic (i.e., nonallelic) recombination predicts that selection should act primarily against long elements because they are more likely to be involved in ectopic exchange than shorter ones. Experimental and genomic evidence in mammals suggests that ectopic recombination occurs rarely if the length of sequence homology is shorter than 1.2 kb (Cooper et al. 1998; Song and Boissinot 2007) . As short elements are also rare in the anole genome, it is doubtful that this mechanism plays a major role, unless ectopic recombination in reptiles requires a much shorter length of homology than in mammals or unless the rate of recombination is much higher in anole than in mammals (see below). However, this model fails to explain why many elements belonging to some specific families (L2AC16, L2AC17, and Bov-B) have reached fixation in the anole genome, as there is no reason to believe that these elements were less likely to mediate ectopic recombination. Recent experimental work suggests a possible extension of the ectopic exchange model. In yeast, a defense mechanism limits interelement recombination by changing the conformation of the chromatin at the insertion site and in neighboring sequences (Ben-Aroya et al. 2004 ). If chromatin modification has a negative impact on the function of the genome, all elements, whatever their length or their clade, would be deleterious and therefore eliminated by selection. If some families lack sequence motifs recognized by the surveillance machinery of the host, they could temporarily evade host defense and accumulate. This model is still speculative because a defense mechanism, designed to prevent interelement recombination, has yet to be found in vertebrates.
Our analysis of the Bov-B family emphasizes another mechanism that could account for both the smaller size of the anole genome and for the scarcity of old elements. We found that elements in the anole decay much faster than their mammalian counterpart and that their decay results from the loss of their ends presumably caused by interelement recombination. This pattern is very similar to the decay of CR1 elements in chicken (Abrusan et al. 2008) where the low abundance of elements could be the consequence of their high recombination rate. Although very little is known about the recombination rate in squamate reptiles, our data suggest that the rate of ectopic recombination might be higher in the anole (and birds) than in mammals. It has been previously suggested that one of the conditions that makes mammalian genomes permissive to the amplification of L1 is a low rate of ectopic recombination (Eickbush and Furano 2002) . The decay of L1 in mammals results from the accumulation of neutral mutation and small indels and not from the loss of element ends, as observed in anole and chicken. This difference in the decay of copies underlies a fundamental difference in the frequency of ectopic exchange between mammals and nonmammalian vertebrates and provides an explanation for the contrasted diversity and abundance of non-LTR retrotransposons among vertebrates.
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